Based on the force analysis and mechanical transmission mechanism of grouting bolts, the self-developed test apparatus for interfacial mechanics is used to study the distribution rule of axial force and interfacial stress of bolts in anchorage body. At the same time, pull-out tests of anchorage body are simulated with the particle flow code software (PFC 2D ), and stress distribution and failure patters are researched under different loading rates. The results show that the distribution of axial force and interfacial shear stress is nonuniform along the anchorage section: axial force decreases, shear force increases first and then decreases, and the maximum value of both of them is closed to the pull-out side; with the increase of loading rates, both of axial force and interfacial shear stress show a trend of increase in the upper anchorage section but changes are not obvious in the lower anchorage section, which causes serious stress concentration; failure strength of pull-out and loading rates show a linear correlation; according to loading rates' impact on the anchoring effect, the loading rates' scope can be divided into soft scope (V < 10 mm/s), moderate scope (10 mm/s < V < 100 mm/s), and strong scope (V > 100 mm/s).
Introduction
Rock burst is a special form of mine pressure. It is a dynamic failure phenomenon due to the instantaneous release of energy caused by the accumulated energy that exceeds the strength of coal and rock under high stress of surrounding rock of roadways or working faces, and it can bring serious threats to the safety production of coal mines [1] [2] [3] . In order to reduce the damage caused by rock burst, international academics have done a deep study in the field of rock burst, such as occurrence mechanism [4, 5] , monitoring [6, 7] , and control technique [8, 9] . What is more, new technique of roadway support and design have been put forward, such as support technique of rigid and flexible energy storage [10] , the high pretension and intensive bolts with U-shaped steel [11] , and large deformation bolt cable [12] . These support methods effectively reduce the harm of rock burst. All of these support techniques contain bolt support which is an essential part.
Therefore, the study of anchorage mechanism of bolts under shock load has an important role in the design of roadway support.
Bolt supporting technology is an effective reinforcement technique for roadway surrounding rock, and it has been widely used in coalmine production [13, 14] . The research of interaction between bolts surrounding rock and anchorage mechanism is essential for the effectiveness of the anchorage design and the stable control of roadway surrounding rock. Many international scholars did lots of research work in this area [15] [16] [17] . Lots of field tests and laboratory tests show that the failure of anchorage body mostly appears in the bonding interface, so the distribution of interfacial shear stress is one of the focuses for researching the anchorage mechanism. There are three main ideas about the distribution pattern of interfacial shear stress: power function theory [18] , "neutral point" theory [19] , and shear stress distribution based on Mindlin solution [20] . The results above have been got through the analysis of bolts under static load, but in mines of rock burst, bolts of roadway surrounding rock are often pulled out fast and then lead to anchorage failure. Therefore, the research of mechanical behaviors of anchorage structure under different loading rates is of importance to guide the rock-burst roadway support. In this paper, the test apparatus for interfacial mechanics based on self-development is used to study the distribution rule of axial force and interfacial shear stress of the anchorage structure. Using the PFC
2D
software, bolt drawing tests are simulated to study the stress distribution characteristics of anchorage structure under different loading rates and analyze the failure patterns of anchorage body.
Testing Theory for Interfacial Stress of Anchorage Structure
In the bolt supporting system of roadways, under the influence of deformation and stress of surrounding rock, bolt plates move and deform with the rock mass's surface. At the same time, the plate pulls the bolt, which makes the bolt in tension. The analysis of the bolt's mechanics characteristics and its relationship with the surrounding rock under pull-out condition is significant for the research of anchorage support and anchorage mechanism. The bolt and anchoring rock mass in the roadway's surrounding rock can be called anchorage body, which is composed of three mediums (bolt, bonding materials, and rock mass) and two bonding interfaces (the first interface: the contact area between bolts and bonding material; the second interface: the contact area between rock mass and bonding materials) [21] , as is shown in Figure 1 . When the bolt is pulled, the transmission of force is from the bolt body to bonding materials and then to rock mass. Therefore, the research of stress distribution of the surface is the premise and foundation for establishing anchorage design and theory.
During the test, the end of the bolt is exerted by a force , under the action of the external force; the bolt body bar will produce a tensile mechanical response. The bolt body is pulled, which will produce shear mechanical effects between bolts and bonding materials, and its mechanical model is shown in Figure 2 [21] . The corresponding points' axial force can be calculated by the strain value of the bolt body: where is the axial force of the strain gauge of point , is the elastic modulus of the steel bolt body, is the strain value of point , and is the area of cross section of the steel bolt body.
The analysis of bolt body's balance conditions is shown in Figure 2 , where the axial force difference between two ends of the bolt body is balanced by the longitudinal shear stress in the surface and this kind of shear stress is bonding stress provided by bonding materials around. The axial shear stress distribution along the bolt can be got through formulas (2) . From the equilibrium relation, we can get
where , +1 is the average interfacial shear stress between points and point + 1, is the diameter of the bolt body, and Δ is distance between strain gauges.
Pull-Out Test Method

Development of Indoor Test Apparatus.
The test apparatus for interfacial mechanics is based on RLJW-2000 servo testing machine, using the original hardware facilities and control system, and so forth, and through specific technical means (changing the oil-way, increasing the number of acquisition systems, making the anchorage body, and designing connective device) to achieve pull-out tests of anchorage body. The test apparatus for interfacial mechanics is shown in Figure 3 ; the connective device between each component is mainly connected by screws. The end of anchorage body is connected with the oil cylinder of the test through eye nuts, knuckle bearing, and junction plate, and the other end of the anchorage body is connected with the bearing-pull board through screws. The anchorage body mainly includes the bolt, the matrix, and bonding materials, as is shown in Figure 4 . The anchorage matrix is concrete materials, and three steel bars are embedded in the concrete column for fixing the matrix when testing. The bolt is screw-thread steel, two symmetric cuttings are designed in the bolt anchorage section, and strain gauges are arranged in cuttings. The force bolt is inserted into the concrete matrix with resin to bond them. The alternated RLJW-2000 testing machine is loading system for pull-out tests of the anchorage body, the DH3815N strain gauge is stress testing system for interfacial stress, and dial indicators are used to record pulling displacement of the bolt end. The loading rate is 5 mm/min.
Numerical Tests of Particle Flow.
Preparations of the anchorage body are complex, mechanical properties between anchorage models are discrete, and the machine's loading rate fluctuates in a limited range, so dynamic loading tests cannot be carried out, although laboratory pull-out tests of anchorage body are effective means for studying the interfacial mechanics characteristics. Therefore, PFC 2D software is used to establish a pull-out test model of the anchorage body (the basic numerical model's establishment was based on the laboratory tests' results), and then numerical tests are used to research the anchorage mechanical characteristics under different loading rates.
The PFC 2D is used as the numerical software, which is an effective means for the study of rock and soil mechanical failure mechanism [22] . The parallel bond model in the particle flow program represents the bonding between particles, which is often used to simulate dense materials, such as rock. Parameters in the parallel bond model which need to be set are grain friction coefficient ( ), bond stiffness ( and ), parallel bond stiffness ( and ), parallel bond strength ( and ), and radius coefficient of parallel bond ( ). These parameters can be obtained from the following [23] :
where and are Young's modulus of grain contact and parallel grain contact, respectively; both ( / ) and ( / ) are set to be 2.5 generally; is the mean radius between two grains; is often set to be 1. Generally, and are equal, and are equal, and the four parameters can be obtained by the method of micromechanical parameters calibration.
In this paper, the parallel bond model to simulate the bolt pull-out test is used and the basic model is shown in Figure 5 . The model size is 300 × 300 mm; the bolt is composed of particles of the same radius, recording the vertical force of bolt particles as bolt axial force during the operating process. Measuring circles are arranged in the bonding materials for recording the interfacial shear stress. Micromechanical parameters are listed in Table 1. 3.3. Testing Scheme. According to strain rates, deformation can be divided into five degrees [24] , which is shown in Table 2 . In order to quantify different loading rates' effects on the anchorage body, static load and quasi-dynamic load are selected, loading rate levels are 10 −1 , 10 0 , 10 1 , 10 2 , and 10 3 , respectively, and the loading rates are 0.5 mm/s, 1.0 mm/s, 5.0 mm/s, 10.0 mm/s, 50.0 mm/s, 100.0 mm/s, 500.0 mm/s, and 1000 mm/s for simulation.
Tests are to study the loading rates' effect on the anchorage strength with the loading rate as the only variable during the simulating process. Loading rates' influence on the anchoring 
Results and Discussion
Influence of Loading Rates on Axial Force Distribution.
As is shown in Figure 6 , axial force's distribution curves of bolts along the anchorage section could be got by pull-out tests of anchorage body. The distribution of axial force is nonuniform-on the pull-out side exists an obvious stress concentration, and it decreases gradually along the anchorage section. With the increase of pull-out force, the axial force of anchorage section increases gradually, and the largest force is on the pull-out side, while the amplitude of axial force's increase decreases along the anchorage section. Therefore, the scope of axial force's influence is certain, which means a length of effective anchorage exists. The change of bolt axial force under different loading rates obtained from numerical simulation is shown in Figure 7 , and its distribution is similar to the indoor test-the axial force decreases along the anchorage section. If V < 10 mm/s, its change on the influence of axial force can be ignored; if 10 mm/s < V < 100 mm/s, with the increase of loading rates, the axial force increases slowly between the pull-out side and the middle, while it has no obvious changes between the middle and the bottom; if V > 100 mm/s, the axial force is much larger between the pull-out side and the middle than that of other loading rates (V < 100 mm/s) whereas axial force is almost zero along the distance between the middle and the bottom. Therefore, if the loading rate V > 100 mm/s, the larger the loading rates, the more steep the curve of axial force distribution, and that is prone to causing the impact damage of anchorage body.
Influence of Loading Rates on Interfacial Shear Stress
Distribution. The curve of shear stress's distribution along the anchoring section is shown in Figure 8 . The distribution of interfacial shear stress is nonuniform-shear stress is small at the orifice of the pull-out side but reaches peak after a certain distance away from the orifice and then drops rapidly. The shear stress under the middle of anchorage section changes a little, which means shear stress has a certain influencing scope as the axial force. With the increase of pull-out force, interfacial shear stress increases gradually, and the scope of its influence also increases, but its concentration remains mainly on the pull-out part of anchorage section. The change of interfacial shear stress under different loading rates is shown in Figure 9 . When the loading rate V is the same, the distribution of shear stress is nonuniformthe shear stress increases firstly and then decreases with the increase of anchorage length. If V < 10mm/s, its change on the influence of shear stress can be ignored; if 10 mm/s < V < 100 mm/s, with the increase of loading rates, the shear stress increases slowly; if V > 100 mm/s, the shear stress is larger between the pull-out part and the middle part of the anchorage section, while it is almost zero on the other part. Obviously, high loading rates cause apparent concentration of shear stress and its serious nonuniform distribution.
Influence of Loading
Rates on the Pull-Out Force. According to pull-out tests of PFC scheme, different loading rates have been exerted at the end of bolt until the body's failure. Curves of pull-out load versus displacement and curves of failure load versus loading rates are shown in Figures 10 and 11, respectively. As is shown from the two figures, if the loading rate V < 10 mm/s, the pull-out load is not affected obviously; if the loading rate V > 10 mm/s, the increase of loading rates will influence the pull-out load more and more obviously. The pull-out load of anchorage body's failure and loading rates show a linear correlation (the fitting curve: = 64.10188 + 0.27055 ).
Influence of Loading Rates on Failure Patterns.
Final failure patterns of the model under different loading rates are shown in Figure 12 , and we can find that if the loading rate V < 10 mm/s, the failure mode of the model is matrix cracking with a main crack, which crosses the bottom of the matrix; if the loading rate V > 10 mm/s, cracks grow in the upper part in addition to the main crossing crack; when the loading rate V > 100 mm/s, with the continuous increase of loading rates, cracks grow rapidly along the middle and upper parts of the bolt until the matrix cracking destruction evolves the bolt pull-out failure with large fracture zone. That means the higher the loading rate gets, the higher the anchorage body's broken degree will be. According to the influence degree of loading rates, loading rates' scope can be divided into three conditions: soft scope (V < 10 mm/s), moderate scope (10 mm/s < V < 100 mm/s), and strong scope (V > 100 mm/s). The larger the loading rates are, the greater force the anchor stressed. Under high loading rates, the serious stress concentration along the upper anchorage section causes the broken of bonding materials and matrix around the bolt, which eventually leads to the bolt-out alone as the failure pattern of anchorage body.
Conclusions
Through the self-developed test apparatus for interfacial mechanics to study the distribution rule of axial force and interfacial stress of bolts in the anchorage body, PFC 2D software is employed to simulate pull-out tests of the anchorage body to research stress distribution under different loading rates. Some conclusions are as follows.
(1) In the pull-out test of anchorage body, the distribution of axial force is nonuniform. On the pull-out side exists an obvious stress concentration, and it decreases gradually along the anchorage section. With the increase of loading rates, axial force between the pull-out side and the middle of anchorage section increases, but, between the middle and the bottom, changes of axial force are not obvious. That causes the distribution curve of axial force to become more steep with the increase of loading rates, which means the axial force is greater in the upper anchorage section than that in the lower anchorage section.
(2) The distribution of interfacial shear stress is nonuniform. Shear stress is small at the orifice of the pull-out section but reaches peak after a certain distance away from the orifice and then drops rapidly. With the increase of loading rates, interfacial shear stress between the pull-out side and the middle of anchorage section shows a trend of increase, but changes are not obvious in the lower anchorage section. That causes serious stress concentration of the upper anchorage section and its nonuniform distribution.
(3) According to loading rates' impact on anchoring effect, the loading rates' scope can be divided into the soft scope (V < 10 mm/s), the moderate scope (10 mm/s < V < 100 mm/s), and the strong scope (V > 100 mm/s). Pull-out load will increase with the increase of loading rates, and they show a linear correlation. With the increase of loading rates, failure patterns will come into a trend of bolt pull-out only with wide broken zone due to serious stress concentration of the upper part of anchorage section. 
